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Ab s t ra c t 

Val .  ious experinleiits have been conducted t o  resolve a la rge  

discrepancy between two measurements t h a t  have been reported f o r  

t h e  vapor pressure of t e k t i t e  g lass .  This discrepancy a f f e c t s  sig- 

n i f i c a n t l y  the  t r a j e c t o r i e s  and mode of t e k t i t e  o r i g i n  determined 

from aerodynamic ab la t ion  calculat ions.  It i s  shown t h a t  measure- 

ments i n  a furnace of vaporization r a t e  r e l a t i v e  t o  t h a t  of four 

d i f f e r e n t  standards (SiOz, Ti02, Au, Ag) yie ld  mutually concordant 

results f o r  t e k t i t e  vapor pressure.  Also, measurements i n  an a r c  

j e t  of  the stagnation temperature, the r a t e  of surface recession, 

and t h e  mass l o s s  during aerodynamic ab la t ion  a r e  i n  mutual agree- 

ment witn the r e s u l t s  from vaporization-Fate measuremenzs. Further, 

observations of f l a s h  boi l ing under c e r t a i n  experimental conditions, 

and of  no boi l ing i n  others,  provide a bracketing of t e k t i t e  vapor 

pressure t ha t  l ikewise i s  compatible with the other  measurements. 

Over the  temperature range of the  present experiments, 1700° t o  

3000°K, a least-squares f i t  t o  t h e  data  i s  represented by 

Pv(atm) = expClh.5 - 37,400/T(°K)]. 

r e s u l t s  demonstrate t h a t  t h e  measurements by Walter and Carron 

[l964] of the  pressure f o r  incipient  bubbling do not represent 

t e k t i t e  vapor pressure,  but some bubble pressure instead t h a t  a t  

some temperatures i s  as much as a mill ion times higher than t h e  vapor 

p r e s s m e .  

[191;'1] or' very shallow, grazing t e k t i t e  t r a j e c t o r i e s ,  which are based 

Gn Walter 's  bubble-pressure measurements, a r e  therefore  erroneous. 

'> -. 

Tnese various experimental 

The recent aerodynamic calculations by Adams and Rur'faker 



dj rect-eiitry tr'a jecic)i.ies a re  not affected s ig i i i f ican t ly  by the n e w  

vapor pressure data. 

INTRODUCTION 

The conclusion from aerodynamic analysis  t h a t  the  atmosphere 

en t ry  t r a j e c t o r i e s  of Australian t e k t i t e s  correspond t o  or ig in  

d i r e c t l y  from the  moon [Chapman, 1960; Chapman and Larson, 19631 

depends, i n  p a r t ,  on having correct knowledge of the  vapor pressure 

of t e k t i t e  g l a s s .  I n  reaching t h i s  conclusion, Chapman and Larson 

used t h e  amount of  ab la t ion  observed on a u s t r a l i t e s  together with 

severa l  other measurable quant i t ies  of aerodynamic s ignif icance t o  

determine the  i n i t i a l  ve loc i ty  and i n i t i a l  angle of  en t ry  i n t o  the  

e a r t h ' s  atmosphere. Since these i n i t i a l  quant i t ies  prescribe the  

t e k t i t e ' s  t r a j e c t o r y  i n  space, and the t r a j e c t o r y  f i x e s  the  place of 

or ig in ,  the  r e l i a b i l i t y  of the  conclusion of lunar t e k t i t e  or ig in  

depends upon having employed adequately accurate values f o r  a l l  phys- 

i c a l  propert ies  t h a t  a f f e c t  aerodynamic ablat ion,  including spec i f ic  

hea t ,  v i scos i ty ,  and thermal conductivity, as wel l  as vapor pressure.  

Chapman and Larson reported measurements of a l l  these propert ies  and 

checked them by aerodynamic ablat ion experiments. 

measurements were made by Centolanzi, using a r e l a t i v e  r a t e  of 

vaporization technique, with fused s i l i c a  as the  standard. 

The vapor-pressure 

Recently, however, Walter [1$41 measured t h e  pressure f o r  

inc ip ien t  b u b b l h g  i n  t e k t i t e  glass ,  and represented these da ta  as 
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vapor  pressure.  His iiieasured bubble pressures Pv(b) a r e  very 

d i i'i'ereiit indeed i'rom the  iiieasuremeiits of t he  vapor pressure 

ttnde previously by Centolanzi. 

Pv(fi) 

A comparison of t he  two vapor 
/' 

pressure determinations, as i l l u s t r a t e d  in  Figure 1, shows t h a t  t h e  /' 

<Fig. i 
discrepancy between the  measurements i s  extraordinary - amounting, 

i n  f a c t ,  t o  a f ac to r  of approximately one mil l ion a t  1700°K. 

l a rge  difference,  of course, would imply t h a t  i f  Walter's measurements 

of bubble pressure represent  t e k t i t e  vapor pressure,  then the  aero- 

dynamic t r a j e c t o r i e s  determined by Chapman and Larson a r e  inaccw-ate, 

and t h e i r  conclusion of lunar  t e k t i t e  o r ig in  uncertain.  I n  some 

recent  aerodynamic ca lcu la t ions ,  Adams and Huffaker [1$4] employed 

a s  vapor pressure some measurements of  bubble pressure by Walter - 

without t e s t i n g  them agains t  any measurements of  t e k t i t e  ab la t ion  - 

and obtained g r e a t l y  d i f f e ren t  t r a j e c t o r i e s ,  namely, extremely shallow 

ones or' a type t h a t  graze the  edge and skip through the  e a r t h ' s  

atzocphere . In cont ras t ,  r e l a t i v e l y  s teep  t r a j e c t o r i e s  of  t he  d i r ec t -  

en t ry  type were obtained by Chapman and Larson. 

between the  two s e t s  of measurements of vapor pressure,  therefore ,  

a f f e c t s  conclusions a s  t o  the  mode of t e k t i t e  o r ig in .  

Such a 

The l a rge  difference 

Inasmuch as vapor pressure measurements a t  high temperature on any 

compound comprising such a complex mixture as t e k t i t e  g l a s s  are not 

f r e e  of complications, some possible object ions can be envisioned 

aga ins t  a lmost  any technique. Walter's measurement of bubble pressure 

wi th in  t e k t i t e  g l a s s ,  fo r  example, need not necessar i ly  represent t he  

vapor pressure,  inasmuch as it i s  well known t h a t  bubbling can a r i s e  



from a v a r i e t y  of circumstances other than boi l ing ,  s - x h  as from 

dissolved o r  adsorbed gases,  o r  froiii the  presence af ininor 

impurit ies much iiiare v o l a t i l e  than t e k t i t e  g l a s s .  Likewise, 

Centolanzi's determination of vapor pressure from measurements of 

the  rate of vaporization, r e l a t i v e  t o  t h e  s i l i c a  standard he 

employed, can be i n  e r r o r  if  the vapor pressure of the  standard 

happens t o  be wrong; a l s o  it must be c e r t a i n  t h a t  such an experi- 

ment i s  conducted i n  t h e  diffusion controlled regime, r a t h e r  than 

the free-molecule regime, i n  order t o  avoid uncer ta in t ies  contrib- 

uted by the  coef f ic ien t  of vaporization which is  not known present ly  

f o r  t e k t i t e  g l a s s .  

Tne objective of the  present research is  t o  resolve the  d is -  

crepancy between the  two values reported f o r  t e k t i t e  vapor pressure 

by conducting three independent types of experiment. F i r s t ,  t e k t i t e  

vapor pressure i s  determined by the rate-of-vaporization technique 

i n  which Ti02, Au, and Ag standards a r e  employed in  addi t ion t o  

t h e  Si02 standard previously used; moreover, these measurements a r e  

conducted under experimental conditions demonstrated t o  be i n  the  

d i f fus ion  control led regime. Second, results of aerodynamic experi- 

ments with t e k t i t e  g l a s s  i n  an a r c  j e t  are presented i n  which 

measurements of surface temperature, of recession r a t e ,  and of mass 

loss are compared with corresponding r e s u l t s  calculated f o r  various 

vapor pressures.  Such a comparison evaluates d i r e c t l y  whether or  

not a given vapor pressure yields  correct r e s u l t s  i n  ab la t ion  cal- 

cu la t ions ,  and hence i n  t r a j e c t o r y  determinations. In  an appendix 

- 5 -  
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ti\ an e a r l i e r  pJblicatio,l Chapman [1964] made a sinilar canparison 

using Walter's bubble pressure f o r  t e k t i t e  vapor pressure which 

yielded r e s u l t s  grossly incompatible with ab la t ion  experiments. 

This comparison i s  extended herein t o  conditions of higher v e l o c i t y  

and temperature t h a t  cons t i tu te  a t e s t  more than adequately severe 

f o r  t h e  conditions of t e k t i t e  en t ry  f l i g h t .  Third, some experiments 

are described i n  which, a t  c e r t a i n  temperatures and pressures of 

melted t e k t i t e  g lass ,  boi l ing i s  n o t  observed, while a t  other  tem- 

peratures  and pressures vigorous f l a s h  boi l ing i s  observed. 

observations bracket the vapor pressure within a cer ta in  range and 

provide thereby a t h i r d  test independent of  the two other  types of 

experimental evidence. 

of t e k t i t e  vapor pressure on t h e  t r a j e c t o r i e s  deduced from aero- 

dynamic analysis  i s  discussed. 

Such 

In a f i n a l  sect ion of t h i s  paper t h e  bearing 

APPARATUS 

Measurements of the vaporization rate f o r  t e k t i t e  g lass  r e l a t i v e  

t o  various standards were made i n  a res i s tance  heated furnace. A s  

i l l u s t r a t e d  i n  Figure 2 ,  a cyl indr ica l  heater element made of tantalun 

provided a t e s t  zone 1 . 3  ern diameter by 3.1 ern long. The t e s t  cavi ty  

temperature was measured with an opt ica l  pyrometer throiieh P hole ir! 

,/ 

the  hea ter  element arranged t o  a c t  as a blackbody, and could be 

control led up t o  a maximum of about 2300%. 

w a s  argon of var iable  pressure between the  l i m i t s  of  and 

The furnace atmosphere 

1 a t m .  
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C i - t i c -  iblcs i'c 11. I,lie iel: i; L ; L L ~ ~ I ~ ~ S  were coiisi~-ucted o;' L * h e l l i w i l ,  

:I. I I IL '  L :LI  t *e~i~wlc~bI . ,~  r e s i s t m : ,  :it h i G I 1  teinpertttures 'io ci ie ixicd 

ediilbh:l,i, i.on with e i t h e r  tekti ' ie g lass  o r  any of  tile reference 

sisndardc used. Several crucibles  were used repeatedly, and when 

t h e  g l a s s  was dissolved out of t h e  crucible after each run by immer- 

s ion i n  hydrofluoric acid no change i n  weight of the crucibles  

could be measured on a balance of 5 pg s e n s i t i v i t y .  Typical measure- 

ments of mass vaporized ranged i n  hundreds of micrograms. The 

crucibles ,  therefore ,  remained chemically i n e r t  i n  these experiments. 

Aerodynamic ab la t ion  experiments w e r e  performed in  t'l I ree  

d i f f e r e n t  arc-heated supersonic j e t s  providing overa l l  a wide range 

. i n  t e s t  conditions of  pressure and heating r a t e .  One of  the  f a c i l i -  

t i e s  has been described i n  d e t a i l  by Shepard and Winovich [1961] and 

w a s  employed i n  previous ab la t ion  experiments [Chapman and Larson, 

19631. 

low pressures a t  which t e k t i t e s  b o i l ,  and the  other t o  provide 

r e l a t i v e l y  high heating rates a t  which the  vapor pressure has a 

major e f f e c t  on the  measured r a t e  of ab la t ion .  

O f  the  other two a r c  j e t s ,  one was used t o  provide r e l a t i v e l y  

EXPERIMENTAL PROCEDURE AND RESILTS 

Various experiments perl'ormed i n  tine h igh- t~ i j ip~i -~ t i i i -~  f i L " ; i x ~  

and i n  the  arc-heated wind tunnels combine t o  provide three inde- 

pendent methods of determining the vapor pressure of t e k t i t e  glass:  

from xeasurements of  vaporization r a t e  r e l a t i v e  t o  standards, from 

measurement of aerodynamic ablat ion c h a r a c t e r i s t i c s ,  and from 
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obseyvai ions of bracketing conditions which a r e  e i t h e r  above o r  

below t h e  boi l ing point of  t e k t i t e  g lass .  Methods of  reducing the 

data  and the r e s u l t s  obtained a r e  discussed separately i n  the  three  

sect ions which follow. 

Determination of vapor pressure from r e l a t i v e  r a t e s  of vapor- 

iza t ion .  Vaporization a t  a fixed temperature i n  a furnace increases 

with an increase i n  vapor pressure of t h e  substance, but decreases 

w i t h  an  i x r e a s e  i n  the ambient pressure of the furnace. Tne depend- 

enile upon ambient pressure i s  i l l u s t r a t e d  i n  sketch ( a ) .  

low pressures a substance of molecular weight M vaporizes i n  the  

f r e e  molecule regime a t  a rate approaching some maximum m as 

/ 
A t  very 

vac 

t h e  ambient pressure approaches zero. This vac1um- r a t e  does not 

necessar i ly  equal t h e  rate PvJM/2JrRT given by the  o r i g i n a l  k i n e t i c  

theory equation of Langmuir, unless the  evaporation coef f ic ien t  

%ap = kVac JZE~'/PJG i s  uni ty .  ~ h u s  measurements of mass-loss 

rate i n  the  f r e e  molecule regime require knowledge of a i n  

order t o  y ie ld  information on vapor pressure.  

VaP 

A t  higher ambient 

pressa-es ,  however, the r a t e  of mass l o s s  no longer i s  l imited by 

evaporation r a t e ,  but by a diffusion process, and as a result 

decreases with increasing ambient pressure.  The pr inc ipa l  ablat ion 

of a t e k t i t e  during i t s  atmosphere e n t r y  f l i g h t  occurs 211 thc 

diffusion-controlled regime. I n  t h i s  regime, the  mass-loss r a t e  - 

and hence the  vapor pressure determined therefrom - i s  not affected 

by t h e  evaporation coef f ic ien t .  

i 
3 
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YYic il:titic L I  ie~iry behind iiieasureiiieiit~ 01' -capor p r e ~ ~ ~ c u * e  i'rom 

v:ip)or i XI, ion r a t e  r e l a t i v e  t o  11iai uf standards 01 1inown vapor 

pressure i s  qui te  simple. In the diffusion-controlled regime the  

mass-loss rate f o r  f ixed a e r o t h e r m l  conditions,  t h a t  i s ,  f o r  fixed 

convection currents and f ixed temperature, is  proportional t o  the  

product of diffusion coeff ic ient  D, molecular weight M, and vapor 

pressure Pv. 

pr inc ip les  involved. ) Inasmuch as the d i f fus ion  coef f ic ien t  i n  

k i n e t i c  theory [Chapman and Cowling, 19391 i s  proportional t o  the  

(See, e .g . ,  Eckert [1939] for a discussion of the  

quant i ty  J ( M  + MA)/MMA where MA 

ambient atmosphere i n t o  which the substance i s  diffusing,  it 

follows t h a t  the  r a t i o  of mass-loss rate of a substance t o  t h a t  

of some standard (subscr ipt  

is  a molecular weight of  the 

s )  i s  simply 

The pr inc ipa l  approxination i n  t h i s  equation i s  t h a t  the  sum of the  

e f f e c t i v e  molecular s i z e s  of the  diffusing and ambient-medium mole- 

cules a r e  s u b s t a n t i a l l y  t h e  same as f o r  the  standard. A s  Chapman 

and Cowling show, even f o r  extremely wide var ia t ions  i n  molecular 

r r o i  nb.s6LAV crhf (frnm 2 t o  1101, and wide differences i n  molecule s t ruc ture  - .  

(from monatomic t o  complex polyatomic molecules), t h i s  p a r t i c u l a r  

sum var ies  only by a fac tor  equivalent t o  a var ia t ion  i n  

about f 2 .  For a standard of reasonably similar molecular s t ruc ture  

t o  t h a t  of t h e  substance t o  which it i s  compared, the corresponding 

f a c t o r  of uncertainty i n  Pv would be much l e s s .  Even an uncertainty 

P, of 
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L ’ : ~ c ~ ~ ~  Oi’ k2 i n  P, 

ueilig i l l .  es t igvted bezween tile two discrepant values repar ted 

t e k t i t e  vapor pressure. 

i s  t r i v i a l  coupared t o  the lz rge  6lt’;‘zrs:ice 

In  order t o  i l l u s t r a t e  t h e  wide appl icabi l i ty ,  and the degree 

of accuracy, of  the p a r t i c u l a r  technique employed, measurements 

have been made on a number of l iqu ids  whose vapor pressure i s  w e l l  

known. For these tes ts  a crucible  containing each l i q u i d  was 

placed i n  a chamber 

t y p i c a l  r a w  data  on 

a r e  shown i n  Figure 

l o s s  rate which 

a t  room teinperature and 1 a t m  pressure.  Some 

the measured mss l o s s  as a function of time 

j .  The slopes of these curves y ie ld  the mss- 

i s  r e l a t e d  l i n e a r l y  t o  the  vapor pressure P, 

according t o  the  equation previously developed. The Knudsen number, 

expressed as the  r a t i o  of mean f r e e  path t o  c h a r a c t e r i s t i c  dimension 

of t h e  d i f fus ion  chamber, i s  so small i n  these experiments t h a t  

such conditions cer ta in ly  are in  the d i f fus ion  controlled regime. 

A p l o t  of t h e  handbook value of vapor pressure versus our measure- 

rnents of fi i s  shown i n  Figure 4. The proport ional i ty  of P, and ii 

c l e a r l y  extends over the f u l l  range of about f i v e  orders of  magnitude 

covered by these data .  Moreover, the s c a t t e r  i n  t h e  data  points  

< 
for  various l i q u i d s  amounts t o  a fac tor  of roughly 5 2 ,  as pointed 

out e a r l i e r .  It follows, f o r  example, t h a t  if  any one of these 

l i q u i d s  were chosen as the  ‘standard,’ then t h e  vapor pressure of 

any of the other l i q u i d s  could be determined t o  within a fac tor  of 

k2 simply from t h e  corresponding r a t i o  of mass-loss r a t e s .  Actually, 

t h e  f a c t o r  involving the square roots of molecular weights i s  r a t h e r  
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liiueiisitive, and, if omitted, would not change the  resuit appreciably. 

These d a t a ,  as w e l l  as the  data  f o r  t e k t i t e  glass descr:bed l a t e r ,  

have been p lo t ted  separately both with and without t h i s  nolecular- 

weight factor ,  and very l i t t l e  difference was found. With t h e  par t icu-  

l a r  technique employed, the  use of more than one standard obviously 

should improve t h e  probable accuracy of the  r e s u l t s .  

Having establ ished t h e  basic  method, we now apply it. t o  determine 

the  vapor pressure of t e k t i t e  g l a s s .  

which regime - diffusion controlled,  f r e e  molecule, o r  t r a n s i t i o n a l  - 

such determinations a r e  mde,  simply by varying the  ambient pressure.  

Most of the da ta  presented subsequently were taken a t  a furnace 

pressure of 1/2 atm. 

oi' t e k t i t e  g l a s s  i s  indeed diffusion controlled is  shown i n  Figure 5 .  

Throughout the  pressure range of these measurements, both well  below 

and above 1/2 a t m ,  t h e  mass loss  c lear ly  decreases with increasing 

pressure i n  the  manner (constant negative slope on log-log p l o t )  

c n a r a c t e r i s t i c  of the diffusion-controlled regime, r a t h e r  than 

e i t h e r  the  f r e e  mo1ecd.e (zero slope) o r  t r a n s i t i o n a l  regime (var iable  

s l o p e ) .  Diffusion control  should be expected, i n  f a c t ,  inasmuch as 

the  Knudsen number f o r  these furnace experiments i s  very small com- 

pared t o  uni ty ,  approximately ;IxlCj-" at i/2 a t r r ~ .  

It i s  r e a d i l y  demonstrated i n  

Proof t h a t  at t h i s  pressure the vaporization 

Some t y p i c a l  r a w  data  i l l u s t r a t i n g  the  r e l a t i v e  rates of vapor- 

iLation a r e  presented i n  Figure 6.  These da ta  are f o r  a temperature 

of 1700°K, and a pressure of lo-* a t m .  The observed nonl inear i ty  of  

t h e  curves near zero t i m e  i s  due t o  the time required f o r  t h e  sample 

Fig.  5 < 
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( 3  function pr inc ipa l ly  of sample s i z e )  t o  a t t a i n  e s s e n t i a i l y  constant 

ternperature because of i t s  f i n i t e  mass. It i s  c l e a r ,  f o r  example , 
t h a t  the  steady-state mass-loss r a t e  f o r  s i l v e r  (0.19 g/cmz-min) 

i s  higher than t h a t  f o r  gold (0.036 g/zm2-min); and t h i s  i s  as 

expected since the  vapor pressure of s i l v e r  is  correspondingly 

higher than t h a t  of gold a t  t h i s  temperature. In  sharp contrast ,  

the  mass-loss rate f o r  t e k t i t e  g lass  and f o r  s i l i c a  are much lower 

( l . j X l O - "  g/ci$-min) than t h a t  for e i t h e r  gold or  s i l v e r .  I f  the 

vapor pressure of t e k t i t e  g lass  were as high as Walter's bubble 

pressure measurements, the mass-loss rate f o r  t e k t i t e  g l a s s  should 

be 11 g/cm2-min, more than t e n  times tinat of s i l v e r .  

the  a c t u a l  values a r e  about 10,000 t i m e s  less, regardless  of whether 

In  contrast ,  

gold, s i l v e r ,  or s i l i c a  is  employed as a standard; and hence Walter's 

bubble pressure must be several  hundred-thousand t i m e s  higher than 

t h e  t e k t i t e  vapor pressure a t  t h i s  temperature. 

Ent i re ly  consis tent  results have been obtained a t  other pressures 

and temperatures. ??le data  a r e  i l l u s t r a t e d  i n  Figure 7 .  It i s  t o  

be observed t h a t  the determination of vapor pressure f o r  lo-* a t m  

and 1/2 a t m  a t  1700°K both give e s s e n t i a l l y  t h e  same r e s u l t s ,  

indicat ing t h a t  the  l e v e l  of furnace pressure does not a f f e c t  the  

determination oy vapor pressure , I^r.uiii V l i i C l i  it ~ 'GLLG~Ls  that e i t h e r  

t e k t i t e  vaporization i s  diffusion controlled down t o  pressures the  

order of a t m ,  or e l s e  ,+ap i s  approximately the  same f o r  

t e k t i t e  g lass  and all the  standards employed. O f  considerable sig- 

nif icance i s  the  f a c t  t h a t  the  r e s u l t s  obtained, using four d i f f e r e n t  
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standards - gold, s i l v e r ,  t i t a n i a  (r-dti le),  and s i l i c a  - a r e  a l l  

consistent i n  indicat ing t h a t  the  t e k t i t e  vapor pressure does no t  

d i f f e r  g r e a t l y  from t h a t  of s i l i c a .  

pressure data  a r e  many orders o f  magnitude higher than a l l  or" these  

P, 

t e k t i t e  g lass  c e r t a i n l y  contained not only t e k t i t e  vapor but a l s o  

some other vapors of much more v o l a t i l e  matter, hence, t h a t  Walter's 

bubble-pressure data  do not represent vapor-pressure data  of t e k t i t e  

g l a s s .  

1 The f a c t  t h a t  Walter's bubble- 

data  f o r  t e k t i t e  g lass  means tha t  t h e  bubbles i n  Walter's melted 

Deiermination of vapor pressure from measurements of t e k t i t e  

ab la t ion  in  an a r c  j e t .  When t e k t i t e  g lass  a b l a t e s  during exposure tC) 

severe r a t e s  of aerodynamic heating, several  d i f f e r e n t  quant i t ies  

can be measured which provide an independent determination of vapor 

pressure.  Such a determination, however , requires  t h a t  a l l  other  

physical  propert ies  a f fec t ing  aerodynamic ab la t ion  be known, such 

as densi ty ,  v i s c o s i t y ,  taermal conductivity, and s p e c i f i c  heat .  

Each of these quant i t ies  for  t e k t i t e  g lass  has been measured pre- 

viously [Chapman and Larson, 19631, and each measurement was inde- 

pendently checked by a d i f f e r e n t  ablat ion experiment: the  spec i f ic  

heat by r a t e  of temperature r ise pr ior  t o  the  onset of ablat ion,  

the  thernlal conductivity by the steady-state temperature during 

ab la t ion ,  the  v i s c o s i t y  by t h e  r a t e  of ab la t ion  under t e s t  

The equation employed f o r  vapor pressure of s i l i c a  i s  t h a t  

l i s t e d  by Hidalgo [1960], namely, ZnPv(atm) = 18.5 - 37,8OO/T("K), 

which corresponds t o  a s l i g h t l y  lower  vapor pressure than the 

equation l i s t e d  by Schick [lg38]. 
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conditions where %apmlza t ion  was negligible,  ar,d tile 7:apor pressure 

by the weigiit l o s s  d a i n g  ari ablat ion experiment under o t h e r  Test 

conditions where vaporization was appreciable. It i s  emphasized 

t h a t  the a rc- je t  ab la t ion  experiments provide not only an inde- 

pendent t es t  of the vapor pressure of t e k t i t e  g l a s s ,  but  a l s o  a 

d i r e c t  t es t  of the  accuracy of aerodynamic calculat ions f o r  deter-  

mining the  e n t r y  t r a j e c t o r i e s  and hence the place of t e k t i t e  o r i g i n .  

Tlie difference between the  bubble-pressure function and t h e  

vapor pressure as measured by t h e  r a t e  of vaporization technique 

is  so  grea t  t h a t  even the  most insensi t ive of the measurable qmn- 

tit ies during aerodynamic ab la t ion  proves unambiguously t h a t  t h e  

bubble pressure function i s  an erroneous representat ion of t e k t i t e  

vapor pressure.  The surface temperature a t  the  stagnation point  i s  

probably the  least  sens i t ive  quantity,  and, f o r  t h i s  reason, can 

be calculated most e a s i l y  and w i t h  considerable accuracy. When a 

model i s  suddenly exposed t o  an a rc- je t  stream, the  surface tem- 

perature  T, increases rapidly with time and a t t a i n s  a steady-state 

value within about 6 t o  6 see.  

the  energy E, radiated from the  stagnation point ,  which i s  

expressed f o r  convenience i n  terms of the  equivalent black-body 

temperat-ue,  o r  ‘brightness 1 temperature, yb, GerLied as 

where 0 i s  the Stefan-Boltzmann constant.  The surface temperature 

T, i s  r e l a t e d  t o  t h e  brightness temperature and the  emissivi ty  E 

through the  equation 

T, exceeds Tb 

The quant i ty  a c t u a l l y  measured i s  

m4 *b = -p ““r’ 

EC = Tt. 

by about 200’ t o  300°C. 

In a t y p i c a l  ab la t ion  experiment 

The experimental measurements 
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of  temperature a r e  compared with calculat ions employing the  same 

ablat ion program (described recent ly  by Matting and Chapman [1963] ) 

a i i d  11 igh-speed d igitrzl coinputcr 3s that used i n  prev iauc cornputations 

[Ciirtpn~m and Larcon, 1963; Chapman, 19641. 

ments of surface br ightness  temperature a r e  compared with calcula- 

t ions  f o r  various vapor pressure functions, including d i f f e r e n t  

I n  Figure 8 the  measure- 

multiples of t h e  function 

data ,  as w e l l  as t h e  function 

Pv(&) determined from vaporization rate 

P,(b) determined from Walter's 

bubble-pressure d a t a .  

n a t u r a l  t e k t i t e  g lass  a t  stagnation-point t e s t  conditions of: 

Measurements were made on both synthet ic  and 

enthalpy, 1,370 cal/g; pressure,  0.35 a t m ;  heating r a t e ,  66 cal/cm'sec; 

and radius  oI' c w v a t l x e ,  0.95 en. It i s  evident from Figure 6 that 

the  computed temperatures a r e  i n  reasonable agreement with experiment, 

f o r  vapor pressures within a factor  or' about 10 from Pv(lh) but t h e  

temperatures computed f o r  the  bubble-pressure function a r e  about 

4403 too low. This i s  an independent demonstration t h a t  Pv(b) i s  

higher than the  t r u e  vapor pressure of t e k t i t e  g lass ,  by a t  l e a s t  

sex-era1 crders  of magnitude, since t h e r e  i s  no p o s s i b i l i t y  f o r  an 

e r r o r  a s  la rge  as 440' i n  t h e  experiments or calculat ions.  Tiius 

the measurements of temperature during aerodynamic ablat ion i n  an 

r e l a t i v e  t o  standards, namely, t h a t  Walter's bubble pressure i s  far 

higher than t h e  vapor pressure of t e k t i t e  g l a s s .  

A more sens i t ive  test  f r o m  aerodynamic ab la t ion  experiments of 

t h e  correct  vapor pressure i s  provided by measurements of the amount 



of  vaporization, t h a t  i s ,  the mass loss during an ablat ion experiment. 

This quant i ty  readi ly  i s  measured by weighing a model 50th before 

and a f t e r  an experiment. Such measurements provide an excel lent  

check on the  vapor pressure,  since the r a t e  of vaporization, and 

hence mass l o s s ,  v a r i e s  s e n s i t i v e l y  with the  vapor pressure.  The 

results of mass-loss measurements on 13 d i f f e r e n t  experiments, 

including both n a t u r a l  and synthetic t e k t i t e  models, are presented 

i n  Figure 9. Test conditions at the stagnation point f o r  these 

experiments were :  enthalpy, 2330 cal/g; pressure,  0.37 a t m ;  heat- 

2 ing r a t e ,  175 cal/cm see; and radius of curvature, 0.93 em. 

the  calculat ions of mass l o s s ,  as represented by the dashed l i n e s  

i n  t h i s  f igure ,  allowa,nce was made f o r  t h e  var ia t ion  i n  vaporization 

rate over the  f ront  face of t h e  model, since t h i s  rate i s  g r e a t e s t  a t  

the stagnation point and diminishes a t  the  outer  areas  of the  f r o n t  

face .  The r a t i o  of stagnation-point vaporization m, t o  the  average 

vaporiLatlon rate & was determined experimentally f o r  geometrically 

similar iKodels of fused s i l i c a  and t h i s  same r a t i o  applied t o  the 

xodels coastructed of t e k t i t e  g lass .  Such a procedure yields  

r e s u l t s  good t o  approximately a fac tor  of 2 i n  mass l o s s .  

uncertainty i s  t r i v i a l  compared t o  the  grea t  differences between 

~ ~ ( - 0 j  and pv($. 

l o s s  (which var ied from about I t o  3 TI, depending upon t h e  t e s t  

time) agrees with t h a t  computed for the  function 

a f a c t o r  of about 2 or 3. In contrast ,  t h e  computed mass 

in 

Such an 

yne ciaia i L i  ~ i g u i ~  9 SIICV t h ~ t  ths mnasl’re& n ~ s c .  

PV(k) t o  within 



i i l L . L ;  ['or tile bulibl?---:.~resswe i 'wictii>n 

arciiiiate L > i '  th is  f igure ,  i s  grea t ly  i n  error ;  the f u l c t i m  

yields  vaporization r a t e s  which a re  too high by a f a c t o r  of over 

100. 

time of 0 see i s  120 mg, whereas the measurements f a l l  i n  the  

range of approximately 1 mg. These experiments show t h a t  t h e  

Pv(b) , shuwn 1x2~. tile 

~ , ( b )  

For example, t h e  computed mss l o s s  f o r  Pv(b) a t  a tes t  

correct  vapor pressure t o  use i n  t e k t i t e  ab la t ion  calculat ions 

cannot be s i g n i f i c a n t l y  grea te r  than P,(fi) and may, i n  f a c t ,  be 

as much as a fac tor  of 2 o r  3 less - i n  a range not f a r  from the 

vapor pressure of s i l i c a .  These measurements of mass l o s s ,  there- 

fore ,  cons t i tu te  one fur ther  experimental demonstration t h a t  

Walter's bubble pressure 

t h e  t r u e  vapor pressure of t e k t i t e  g lass .  

Pv(b) i s  orders of magnitade higher than 

The most important t e s t  insofar as aerodynamic and t r a j e c t o r y  

calculat ions a r e  concerned is  provided by measurements of the  r a t e  

of aerodyl?amic ab la t ion .  Such measurements have been conducted i n  

two d i f f e r e n t  a r c  j e t s .  

2700 tal,$; the  pressure,  0.24 a t m ;  the  heating rate, 136 cal/cm2sec; 

I n  one the stagnation-point enthalpy was 

and t h e  radius  of curvature, 0.93 em. 

presented i n  Figure 10 f o r  both synthetic and na tura l  t e k t i t e  g l a s s .  

n c  in +L- __^^___  ---- n2 - 
L" bile p L ~ v i v u s  l . ~ g u e ,  h e  Casne6 l i n e s  represent the computed 

The corresponding data  a r e  

\ 
amount of ab la t ion  f o r  various 

t o  100 times Pv(m), and a l s o  including the  computations f o r  the 

bubble-pressure function Pv(b).  It i s  seen t h a t  the  calculated 

amount of- abla t ion  f o r  

pv, ranging from 1/10 of  P,(L) 

Pv(fi) agrees reasonably wel l  with the  
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measurements, t h a t  i s ,  t o  within the order of +lo per cent,  the 

approximate degree of repea tab i l i ty  or" t h e  measurements; but t h e  

calculat ions f o r  a vapor pressure ten t i m e s  t h a t  of 

grea te r  a r e  i n  poor agreement with the  experiments. I n  p a r t i c u l a r ,  

the  amount of ab la t ion  calculated f o r  t h e  bubble-pressure function 

Pv(b) i s  only one-third of the  experimental values,  thereby con- 

s t i t u t i n g  a d i r e c t  proof t h a t  the use of Walter's bubble pressure 

in  aerodynamic calculat ions w i l l  y ie ld  highly inaccurate determina- 

t i o n s  of the atmosphere en t ry  t r a j e c t o r i e s  of t e k t i t e s .  hasmuch 

as t h e  recent calculat ions of Adams and Huffaker [1964] were made 

with a vapor-pressure function based on the  bubble-pressure measure- 

xients zf Walter, it fol lows t h a t  t h e i r  determination of t e k t i t e  

t r a J e c t o r i e s  a r e  erroneous. 

involved i s  discussed l a t e r .  

P V ( i )  o r  

The magnitude and d i rec t ion  of the  error 

Some addi t ional  ablat ion experiments conducted both on t e k t i t e  

g lass  and fused s i l i c a  a t  nigher enthalpies provide a fur ther  t e s t  

of  the  appropriate vapor pressure o f  t e k t i t e  g l a s s ,  and extend the  

experimental ccnf i r m t i o n  of 

"ne measurements of ab la t ion  presented i n  Figure 11 correspond t o  

stagnation-point t e s t  conditions of: enthalpy, 11,000 cal/g; pressure,  

0.32 a t m ;  neating r a t e ,  ( o w  cai /cm bet. Ii is iioted tlist A'-'- b l L 1 3  

p a r t i c u l a r  enthalpy i s  equivalent t o  a f l i g h t  ve loc i ty  of 9.6 km/sec, 

c lose ly  representing t h a t  a t  which peak heating occurs during a 

t e k t i t e  en t ry  f l i g h t  from the  moon. 

computing program have been made f o r  both s i l i c a  and t e k t i t e  g l a s s ,  

P v ( i )  t o  considerably higher temperatures. <- 
-r* 1 2  

Calculations using t h e  s a m e  
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[ 1~603 . 
tiie corresponding nieasurements, and show t h e  ablat ion r a t e  t o  be 

much l e s s  than t h a t  f o r  t e k t i t e  g lass  under the  same tes t  condi- 

t i o n s ,  p r inc ipa l ly  because of t h e  much higher v i s c o s i t y  of s i l i c a .  

In t h i s  f igure  t h e  corresponding measurements f o r  t e k t i t e  g l a s s  

a r e  compared with computations f o r  d i f f e r e n t  Pv functions,  

corresponding, i n  t h i s  case, t o  a range i n  t h e  r a t i o  

from 0 t o  10. These calculated cun-es bend upward somewhat 

because, as t h e  ab la t ion  proceeded, the  radius of curvature var ied 

from 1 . 6  cm i n i t i a l l y  t o  0.9 em a f t e r  10 see of ablation; whereas 

the  correspondi-% curves f o r  s i l i c a  a r e  e s s e n t i a l l y  s t r a i g h t ,  s ince 

tiie radius  of curvature f o r  t h e  s i l i c a  model remained e s s e n t i a l l y  

constant (1.6 em). 

ing with the  da ta  corresponds t o  a vapor pressure approximately 

one-half t h a t  of s i l i c a ,  which would be about one-fourth Pv(rh) 

f o r  t e k t i t e  g l a s s .  

lowest s ingle  value f o r  the  vapor pressure of t e k t i t e  g lass  

r e l a t i v e  t o  t h a t  of s i l i c a  determined i n  t h e  course of tnis inves t i -  

ga t ion .  It i s  regarded as no more r e l i a b l e ,  however, than the  other 

determinations, inasmuch as t o e  caiorimeter usea i n  This par-cicular 

t e s t ,  unlike t h a t  i n  a l l  other t e s t s ,  happened t o  be of s u f f i c i e n t l y  

d i f f e r e n t  s i z e  t h a t  nonuniformities i n  the  flow stream could render 

the  heating r a t e  about twice as uncertain (f2O per cent,  estimated) 

as t h e  heating r a t e s  i n  the  other da ta .  Nevertheless, the  value 

Tile calculat ions f o r  s i l i c a  agree reasonabl\. well wit11 

Pv/Pv(Si02) 

The value of  vapor pressure most c lose ly  agree- 

This par t icu lar  determination represents t h e  



- 20 - 

determined f o r  E', is lower than Pv(fi) whereas t h e  bubble pressure 

P i s  much higher; thus we nave one more experimental result con- 

firming the  e s s e n t i a l  v a l i d i t y  of t he  r a t e  of  vaporization ieasure-  

ments as opposed t o  the  bubble-pressure measurements. Since t h e  

computed ab la t ion  temperature fo r  these  experiments i s  3040°K, 

higher than f o r  a t e k t i t e  e n t r y  f l i g h t ,  t he  range of experimental 

confirmation of vapor pressure i s  thereby extended t o  temperatures 

encompassing those encountered during atmosphere en t ry .  

v 

Observations of bo i l ing  i n  a rc- je t  experiments. From t h e  

preceding it i s  c l ea r  t h a t  

vapor pressure of t e k t i t e  g l a s s .  This implies t h a t  some bubbling, 

o ther  than t r u e  boi l ing ,  was observed i n  Walter's experiments. 

Bubbling, i n  f a c t ,  i s  t o  be expected inasmuch as t e k t i t e s  are 

known t o  contain dissolved v o l a t i l e s  ( H 2 0 ,  H 2 ,  C02 ,  and CO have been 

observed t o  evolve f r o m t e k t i t e s  heated i n  a vacuum). 

i n t e r e s t ,  then, t o  inves t iga te  t rue  boi l ing  of  t e k t i t e  g l a s s  under 

labora tory  conditions and t o  determine whether such observations 

are consis tent  with the  vapor pressure determined from other  da t a .  

Pv(b) i s  very much higher than the  t r u e  

It is of 

Under proper t e s t  conditions, t e k t i t e  g l a s s  b o i l s  i n  an arc-  

j e t  ab la t ion  experiment, provided s u f f i c i e n t l y  low pressures a re  

reached. Such experiments provide a 'yes-no' t es t ,  t h a t  i s ,  an 

ind ica t ion  of e i t h e r  bo i l ing ,  o r  no boi l ing ,  and thereby a means 

01' bracketing the  vapor pressure curve, between ce r t a in  l i m i t s .  

A s a l i e n t  fea ture  of using ablat ion t o  melt t e k t i t e  g l a s s  i s  t h a t  

it automatically exposes the  fresh,  uncontaminated i n t e r i o r  of the  
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glass .  

absorbed gases, or other impurit ies,  such as frequent ly  e x i s t s  

There i s  no p o s s i b i l i t y  of contamination by adsorbed or 

when t e k t i t e  g lass  samples a r e  ground or  otherwise prepared i n  

t h e  laboratory.  The process of vaporization a t  the  stagnation 

point precludes boi l ing  there ,  but not elsewhere on a model. I n  

approximately 100 experiments over the pas t  few years we have 

never observed s igns of boi l ing a t  the stagnation point of ablated 

models of na tura l  t e k t i t e  g l a s s .  Hence, measurements of stagnation 

temperature and pressure during ablat ion correspond t o  conditions 

of no boi l ing .  

correspond t o  such conditions; they a r e  completely f r e e  of any 

The two models shown i n  Figures =(a) and (b)  
\l,(a,lJ 

indicat ion,  even under t h e  microscope, of bo i l ing  or other 

vesiculat ion.  Therefore, since the measured pressure f o r  (b)  i s  

0.05 atrn, and t h e  measured brightness temperature 2130°K, corre- 

sponding t o  a surface ternperatue L310°K, we can say t h a t  a t  a 

temperature of ?310°K, t h e  boi l ing pressure,  and hence vapor 

pressure,  i s  c e r t a i n l y  l e s s  than 0.03 a t m .  Such data  provide an 

upper bound t o  vapor pressure.  On t h e  vapor pressure versus 

rec iproca l  temperature p lo t  these points are, i n  f a c t ,  substan- 

t i a l l y  above the  vapor pressure as determined previously from rate 

of vaporization and from ablat ion measurements, as i l l u s t r a t e d  by 

points  p lo t ted  i n  Figure 13 labeled ' N o  bo i l ing  a t  stagnation 

poin t . '  

s t a n t i a l l y  lower pressure,  the melt flow suddenly b o i l s  as it moves 

<::.- 
Under d i f f e r e n t  t e s t  conditions, however, namely sub- 

r a d i a l l y  outward over the front  face and encounters the expansion 
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a i  t h e  shoulder of the model. 

reg ion  of pressure rriicli lower. than tile stagnation pressure , and 

flash boil ing occurs i f  the shoulder pressure (pressure j u s t  behind 

t h e  shoulder) i s  less than t h e  boi l ing pressure.  

follows t h a t  t h e  vapor pressure at the  shoulder temperature would 

be grea te r  than the  shoulder pressure.  Such observations therefore  

provide a lower l i m i t  t o  the  vapor pressure.  An example of t h i s  

nature is i l l u s t r a t e d  by t h e  model i n  Figure = ( e )  on which sudden 

and extensive frothing,  interpreted as boi l ing  , obviously occurred 

as soon as the  melt flow reached the shoulder. The corresponding 

da ta  point  i s  i l l u s t r a t e d  in Figure 13 labeled 'Boiling a t  shoulder' 

w i t h  arrow pointing upward, indicating t h a t  t h e  conditicns f o r  bo l l -  

ing l i e  a t  o r  above t h i s  po in t .  It i s  seen t h a t  t h i s  observation 

a l s o  i s  consistent with the  vapor pressure Pv(&) and t h a t  these 

Observations of bo i l ing  y ie ld  r e s u l t s  which bracket concordantly 

t h e  P, data  obtained from other  nethods of measurement. 

Here the  m e l t  suddenly en ters  a 

When it does, it 

BEARING OF VAPOR PRESSURE ON TEKTITE TRAJECTORIES 

DETERMINED FROM AERODYNAMIC ANALYSIS 

The e f f e c t  of vaporization on ab la t ion  i n  hypervelocity f l i g h t  

i s  important indeed. Per un i t  mass ablated,  vaporization absorbs 

much more heat than does melting: 

pera ture  a t  which it i s  f l u i d  absorbs about 600 cal/g; whereas, 

vaporization absorbs d i r e c t l y  about 3000 cal/g , plus i n d i r e c t l y  

an addi t iona l  amount due t o  a 'blockage' e f f e c t .  The blockage i s  

Heating t e k t i t e  g l a s s  t o  a t e m -  



a pure aerodynamic e f f e c t  i n  wriich the vaporized molecules dil'fuse 

i i i L , ~  the bouiduy layer  and alter. there the  te1:iperature and b e l x  i x h -  

prw t'ile.: i l l  :,i~cli 3 manner that the r a t e  of convective heatiiig a t  

the surface is  reduced. Such a heat blockage e f f e c t  r e a d i l y  can 

dominate a l l  others  i f  a s u f f i c i e n t  f r a c t i o n  of t h e  mater ia l  

vaporizes; blockage, i n  f a c t ,  i s  a fundamental mechanism behind the  

e f f i c i e n t  operation of heat sh ie ld  materials on spacecraft  and 

b a l l i s t i c  miss i les .  It follows t h a t  any increase i n  vapor pressure 

would increase the amount of vaporization r e l a t i v e  t o  melting, and 

t h i s  would br ing about a threefold e f fec t :  (1) more heat would be 

absorbed d i r e c t l y  by t h e  process of vaporization, (2)  an addi t ional  

amamit d2' heat would be blocked fron reaching the  surface,  and (3) 

the  grea te r  vaporization would reduce the surface temperature, thus 

increase t h e  g l a s s  v i scos i ty ,  and reduce the r a t e  of melt-flow 

run o f f .  Each of these three  e f fec ts  would contr ibute  toward a 

l e s s e r  amount of ab la t ion .  Therefore, an increase i n  the vapor 

pressure f o r  a given t r a j e c t o r y  would result i n  a reduced amount of 

recession a t  the  stagnation point .  

One of t h e  pr inc ipa l  problems i n  t h e  ana lys i s  of t e k t i t e  

ab la t ion  i s  t h a t  of determining what t r a j e c t o r i e s  are compatible 

with the observed amount oi' stagnation-point recessiurl y, as 

measured on a u s t r a l i t e s ,  t h a t  i s ,  what combinations of i n i t i a l  

ve loc i ty  Vi and i n i t i a l  angle of e n t r y  yi i n t o  t h e  atmosphere 

would produce t h e  observed 3blation (ys 

These two i n i t i a l  conditions determine t h e  t r a j e c t o r y ,  and t h e  

t y p i c a l l y  about 1 em). 
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t r a j e c t o r y  determines whether the t e k t i t e s  came from some point on 

t h e  ear th ,  o r  the moon, or  a more d i s t a n t  place i n  tne  s o l a r  systen.  

Both t h e  ve loc i ty  and angle of entry a f f e c t  markedly the  amount of 

ablat ion.  That an increase i n  Vi would increase t h e  ab la t ion  i s  

r a t h e r  obvious; but t h e  f a c t  t h a t  a decrease i n  

t i v e  t o  t h e  horizontal)  a l s o  would markedly increase the  amount of  

ab la t ion  may not be as obvious t o  one unfamiliar with atmosphere 

e n t r y  aerodynamics, and requires some explanation. 

of t h e  e f f e c t  of 

two extremes of shallow grazing en t ry  and v e r t i c a l  descent. 

grazing en t ry  the  decelerat ions a r e  much less than i n  v e r t i c a l  descent 

(about 10 g maximum compared t o  350); the  durat ion of ab la t ion  is  

much more (about 2 min compared t o  5 s e e ) ,  and the  t o t a l  amount of 

heat which must be absorbed i s  a l s o  much more (about 10 t i m e s  t h a t  

f o r  v e r t i c a l  e n t r y ) .  

absorbed i n  shallow e n t r i e s  it follows t h a t ,  f o r  any given i n i t i a l  

ve loc i ty ,  much more ab la t ion  would occur i n  a shallow grazing en t ry  

than i n  v e r t i c a l  descent.  

y i  (measured re la -  

The magnitude 

y i  on ys can be i l l u s t r a t e d  by comparing the 

In  a 

In  view of the much g r e a t e r  heat t o  be 

From t h e  foregoing it r e a d i l y  follows t h a t  if  t h e  amount of  

a b l a t i o n  on a t e k t i t e  i s  known, then the  t r a j e c t o r y  determined from 

the  use of a vapor pressure much higher than t h e  t r u e  value w i l l ,  

€for any given V , be much more shallow than t h e  t r u e  t r a j e c t o r y .  

If t h e  p a r t i c u l a r  vapor pressure used i n  such calculat ions happens 

t o  be nlany orders of magnitude too nigh, such as is the bubble 

pressure 

i 

P (b)  of Walter, then the t e k t i t e  t r a j e c t o r i e s  determined 
V 
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iicnr tiit. Lnrersiiont buundary . These circ-umstances e x p l a h  T.+ 

A d u s  and Huffalier [1:164] , who employed a vapor pressure based an 

Walter's preliminary measurements (near ly  as high as h i s  f i n a l  

bubble-pressure measurements), calculated t h a t  grazing t r a j e c t o r i e s  

near the overshoot l i m i t  would correspond t o  t h e  amount of ab la t ion  

observed on a u s t r a l i t e s .  Inasmuch as t h e  hypothesis of t e k t i t e  

or ig in  a s  ablat ion drops from a parent body is  only possible witn 

such grazing t r a j e c t o r i e s ,  they purported t o  represent t h e i r  aero- 

dynamic calculat ions as  a confirmation of t h i s  hypothesis. Since 

t h e i r  vapor pressure i s  g r e a t l y  i n  e r r o r ,  t h e i r  calculated r e s u l t s  

a r e  erroneous, and therefore  provide no support f o r  the shallow 

e n t r y  hypothesis . 
In regard t o  the  absence of support from aerodynamic evidence 

f o r  grazing t e k t i t e  t r a j e c t o r i e s  it should be noted t h a t  Adams and 

Xuffaker [1962 and 19641 disregard the aerodynamic evidence pro- 

vided by r ing  wave spacing, by the  thickness of t h e  melt l a y e r ,  by 

the amount of decelerat ion determined from flange f l a t t e n i n g ,  and 

by the  depth of penetration of  res idual  aerothermal s t r e s s e s .  Each 

of these  four other independent sources of aerodynamic evidence 

corresponds instead t o  r e l a t i v e l y  steep t r a j e c t o r i e s  [Chapman and 

Larson, i363; Chapman, 19641. 

use t h e  vapor pressure corresponding t o  the  present measurements, 

If Adams and Huffaker [1962] were t o  

which d i f f e r  l i t t l e  from t h a t  f o r  s i l i c a ,  then they would obtain 
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1-0~' ent ry  at the  eartiits escape veloci ty  of 11 luy'sec (tils iiiitial 

crit 1-h- ve lk . rz i ty  ab,iectt; would have coming from the mmn' an entry a:i;:le 

iilclined :3bout 30'' t o  the  l io r izmta l ,  i n  apprdxkn1ate atl;reei:leilt W i - L i l  

the  r e s u l t s  of Chapman and Larson. 

Inasmuch as the  use of t h e  vapor-pressure function Pv(b),  

which i s  from a hundred t o  a mill ion times t o o  high, r e s u l t s  i n  a 

change i n  e n t r y  angle from about 5' t o  30°, it follows t h a t  an e r r o r  

in vapor pressure of on ly  a f a c t o r  of about k j  would r e s u l t  i n  

r e l a t i v e l y  small uncertaint ies  i n  the t r a j e c t o r i e s  determined from 

aerodynamic ana lys i s .  Thus knowledge of Pv t o  within such a 

f a c t o r  is regarded as adequate f o r  determining t r a j e c t o r i e s .  

SUMIUBY OF RESULTS AND CONCLUDING REMARKS 

A summary i s  presented i n  Figure 1 3  of t h e  experimental data  

on t e k t i t e  vapor pressure as determined from measurements of r a t e  

of vaporization r e l a t i v e  t o  d i f f e r e n t  standards, from t h e  rate of  

ab la t ion  i n  an a r c  j e t ,  f r o m t h e  mass l o s s  i n  an a r c  j e t ,  and from 

t h e  several  observations of e i t h e r  boi l ing o r  no boi l ing .  A l e a s t -  

squares f i t  of a s t r a i g h t  l i n e  t'hrough the  various data  points 

corresponds t o  the equation 

This equation, representing the best  avai lable  data  f o r  t e k t i t e  

vapor pressure,  i s  shown by the dashed l i n e  i n  Figure 13. It does 

not d i f f e r  g r e a t l y  e i t h e r  from our o r i g i n a l  P v ( i )  da ta ,  o r  from 



tile vapor pressure GI pure s i l i c a .  Perhaps t'ne l a t t e r  absen-at ion 

snould not be surpr is ing,  inasmuch as t e k t i t e  g l a s s  i s  coxposed 

mainly o f  s i l i c a .  

It is s igni f icant  t o  observe tha t  t he  above equation fo r  vapor 

pressure i s  consis tent  with t h e  Clapeyron-Clausius equation of 

thermodynamics 

vaporization t o  the molecular weight M and t o  the  slope of 

the  vapor pressure curve. Di f fe ren t ia t ion  of our equation above 

f o r  Pv y ie lds  Hv = 57,400 R/M; with K = 40 g/mole, an approxi- 

inate value f o r  t e k t i t e  g l a s s  (dissociated a t  the  temperature range 

of  in te res t ) ,  we obtain This i s  reasonably close 

t o  tne value of ab0-d 3000 cal/g expected fQr t e k t i t e  glass:  

value f o r  pure s i l i c a  i s  3020 cal/g, while t h a t  of alumina i s  

somewhat higher,  and t h a t  of t he  other oxides comprising t e k t i t e  

g l a s s  is somewhat lower. I n  contrast ,  t he  much smaller slope of 

Walter's bubble pressure curve would y ie ld  from t h e  Clapeyron-Clausius 

equation an Hv 

and the equation of Adam and Zuffaker i1964, t h e i r  equation (l), 

pv3 

a negative value for  

H, = ( R e / M ) ( d  2n P,/dT) which relates the  heat of 

H, = 2850 cal/g. 

The 

of only 600 cal/g, which obviously i s  ;'ar too  low, 

i n  t h e i r  notation] would yield,  a t  temperatures above 2600O~, 

€&, which i s  impossible. 

The pr inc ipa l  appl ica t ion  of vapor pressure G&La IS iii-v-Gl?& 

i n  %ne determination of t he  atmosphere en t ry  t r a j e c t o r i e s  of 

t e k t i t e s ,  and i n  the  conclusion drawn therefrom of t e k t i t e  f l i g n t  

along t r a j e c t o r i e s  ccmLng d i r e c t l y  froin t h e  moon [Chapman and 

Larson, 1-9631. I n  comparison t o  the equation which they employed 



(namely, In P, = - >?j,aOC/T + l9.i) the above equation f o r  P, yiei55 

values lower by a fac tor  of about 2 t o  3, and would yield therefore  

t r a j e c t o r i e s  s l i g h t l y  steeper than those previously calculated.  

The lower boundary of the  t r a j e c t o r y  domain recent ly  determined by 

Chapman [1%4] was computed for 

correspond very c lose ly  t o  t r a j e c t o r i e s  proper t o  the  new vapor 

pressure equation. The shallow grazing t r a j e c t o r i e s  recent ly  cal- 

culated by Adam [1$4] however, were based upon a much higher 

vapor p r e s s u e ,  under the presumption t h a t  Walter ' s bubble pressure 

represented vapor pressure; these very shallow t r a j e c t o r i e s  a r e  

erroneous, inasmuch as it has been shown t h a t  l a r g e  e r r o r s  i n  tine 

amount of ablat ion,  arLd i n  t h e  mss vaporized during the  &la t ion  

process, a r e  introduced if Walter's bubble pressure i s  used f o r  

vapor pressure.  

P, = 0.5 PV(&); t h i s  boundary would 

Walter ' s [ 19641 measurements of bubble pressure i n  t e k t i t e  g lass  

must be interpreted as measurements primarily of t h e  pressure of 

some foreign gas o r  gases ra ther  than the  pressure of t e k t i t e  vapor. 

Foreign gases could come from any of several  sources, such as 

dissolved gases i n  the  t e k t i t e  g lass ,  o r  gases adsorbed on t h e  surface 

during the preparation i n  the laboratory,  o r  from some r e l a t i v e l y  

v o l a t  i l e  impurity. Since many substances upon heating bu-able before 

they  b o i l ,  the  f a c t  t h a t  t e k t i t e  bubble-pressure measurements do not 

represent t e k t i t e  vapor pressure i s  not regarded as surpr is ing.  



Adam, E .  W . ,  sild R .  M. Buffaker, Aerodynamic ana lys i s  o; t he  t e l i t i i e  

problem, Geochim. Cosmochim. Acta, - 28, 8dl-dg2, 1964. 

Adams, E .  W . ,  and R .  M. Huffaker, Aerodynamic ana lys i s  of t e k t i t e s  

and t h e i r  parent bodies, NASA TR R-149, 1962. 

Chapman, D. R . ,  and H.  K .  Iarson,  On the  lunar  o r ig in  of t e k t i t e s ,  

J. Geophys. Res., - 66, 4305-4358, 1963. 

Chapman, D .  R . ,  Recent re-entry research and the  cosmic or ig in  of 

t e k t i t e s  , Nature, - lab, 353-355, 1960. 

Chapman, D .  R . ,  On tne  uni ty  and or ig in  of t he  Australasian t e k t i t e s ,  

Geochim. Cosmochim. Acta, - 28, 841-880, 1964. 

Chapman, S., and T .  G .  Cowling, The mathematical theory of non-uniform 

gases,  Cambridge Univ. Press ,  England, 1939. 

Eckert ,  E .  R .  G . ,  Heat and mass t r a n s f e r ,  2nd ed., McGraw-Hill, 

New York, 1959. 

Hidalgo, H . ,  Ablation of glassy material around blunt  bodies of 

revolut ion,  J. Am. Rocket Soc., - 30,  806-814, 1960. 

Matting, F. W . ,  and D .  R .  Chapman, Generalized ab la t ion  ana lys i s  

with appl ica t ion  t o  heat-shield materials and t e k t i t e  g l a s s ,  

presented t o  AIAA Second Meeting and Technical Demonstration, 

San Francisco, Calif . ,  July 26-29, 1965. 

Schick, H. L.,  An ana lys i s  of some of t he  physical and chemical 

proper t ies  of s i l i c a  (Si02) o f  importance i n  ab la t ion  behavior, 

AVCO Mfg. Corp., Res. and Devel. Div., RAD TR-2-58-6, 1958. 



- 30 - 

Shepard, C .  E . ,  and W .  Winovich, Electric-arc j e t s  f o r  producing 

gas streams with negl igible  contamination. ASME Preprint  

61-WA-247, 1961. 

Walter, L. S., and M. K.  Carron, Vapor pressure and vapor f ract ion-  

a t i o n  of s i l i c a t e  melts of t e k t i t e  composition, Geochim. Cosmochim. 

Acta, @? 937-951, 1964. 



- 31 - 

SKETCH A i i  FIGURE LEGENDS 

Sketch ( a ) .  Log ambient pressure.  

Fig. 1. Discrepancy i n  reported vapor-pressure measurements of 

t e k t i t e  g l a s s .  

Fig. 2 .  High-temperature furnace. 

Fig. 3.  Comparison of vaporization mass l o s s  f o r  various l i q u i d s .  

Fig. 4. Linear dependence of vapor pressure on rate of vaporization 

a t  constant aerothermal conditions. 

Fig. 3 .  Mass-loss var ia t ion  with pressure indicat ing diffusion-  

control led vaporization. 

Fig. 6. Rate of vaporization of  gold, s i l v e r ,  silica,a,nd tekt i te  

g l a s s ,  T = 1700O~, P = a t m .  

Fig. 7. Pv f o r  tekt i te  g lass  measured r e l a t i v e  t o  d i f f e r e n t  

standards compared with Pv obtained using incipient  bubbling 

method. 

Fig. 8. Comparison of  measured temperature with t h a t  computed for  

various vapor pressures.  

Fig.  9. Comparison of measured mss l o s s  with t h a t  computed f o r  

various vapor pressures.  

Fig.  10. Comparison of measured amount of ab la t ion  with t'nat computed 

f o r  various vapor pressures.  

Fig.  11. Comparison of measured and computed amount o f  ablation; 

h, = 11,000 cal/g, V = 9.6 km/sec, Ps = 0.52 a t m ,  qs = 760 cal/cm2sec 
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Fig. 12. Observations of boiling i n  arc-:et experiments. (a) 

R i z a l i t e ,  l o c a l i t y  Bugad Babuy, Luzon, sp .  g r .  2.437; 

Ps = 0.08 a t m ,  T, = 2310°K, no boi l ing .  

l o c a l i t y  Lake Wilson-Mt. Davies area,  sp.  g r .  2.432; 

Ps = 0.03 a t m ,  T, = 2310°K, no boi l ing.  

l o c a l i t y  Lake Wilson-Mt. Davies area,  sp.  g r .  2.423; 

Ps = 0.022 a t m ,  Ts = 2300°K, boi l ing  a t  shoulder. 

(b)  Australi te,  

( c )  Aus t r a l i t e ,  

Fig. 13.  Summary of I?, da t a  fo r  t e k t i t e  glass as determined 

from various experiments. 

r a t e s  (Fig.  7 ) .  

Circle symbols a r e  from vaporization 
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